Using the chequerboard technique we studied the in vitro activity of the broad spectrum antibiotic fosfomycin in combination with vancomycin, rifampicin, linezolid, quinupristin/ dalfopristin, cefazolin, meropenem and moxifloxacin against two Staphylococcus epidermidis strains (ATCC 12228, DSM 3269) and five Staphylococcus aureus isolates (ATCC 29213, DSM 683, DSM 46320, GISA 323/93, MRSA 3558/00). The phenomena of 'trailing' and 'skipped wells' did not present a problem. Synergy was the most common effect of all drugs tested in combination with fosfomycin; only combination with vancomycin showed antagonism for two of seven isolates. Using a killing-curve technique fosfomycin showed cidal activity, where increasing the drug concentration above the MIC did not enhance killing velocity. Inhibitory concentrations of vancomycin plus fosfomycin against DSM 46320 caused effects identical to those observed with vancomycin alone. The combination of fosfomycin plus linezolid exerted the bacteriostatic effect found with linezolid alone. Fosfomycin plus quinupristin/dalfopristin exhibited the bactericidal effect found with fosfomycin alone (in contrast to the rapidly bactericidal effect of quinupristin/dalfopristin). Electron microscopy showed that fosfomycin given in combination with linezolid, quinupristin/dalfopristin or moxifloxacin (substances that do not cause morphological alterations when given alone) resulted in 'cauliflower-shaped' distortion as caused by fosfomycin alone. Our in vitro data indicate considerable potential for fosfomycin used in combination with other antistaphylococcal antimicrobials, especially linezolid or quinupristin/dalfopristin.
Introduction
Fosfomycin is a phosphoenolpyruvate analogue produced by Streptomyces that irreversibly inhibits enolpyruvate transferase, which prevents the formation of N-acetylmuramic acid, an essential element of the peptidoglycan cell wall. 1 The in vitro and in vivo result of this inhibition of polypeptide chain elongation is bactericidal. 2 Fosfomycin has a serum half-life of c. 1.75 h and exhibits broad-spectrum antimicrobial activity. [3] [4] [5] [6] In the USA fosfomycin is used as oral therapy for uncomplicated lower urinary tract infections but not for systemic infections. Recent pharmacodynamic studies indicate that fosfomycin might be suitable for the therapy of soft tissue infections. 7 Staphylococci produce a variety of syndromes with clinical manifestations ranging from pustule formation to sepsis and death. During recent decades multiresistance of stapylococci has emerged as a clinical problem. 8 We studied the in vitro activity of fosfomycin in combination with various antistaphylococcal antimicrobials against staphylococci.
Materials and methods

Bacterial strains
Five Staphylococcus aureus isolates and two Staphylococcus epidermidis strains were tested. S. epidermidis ATCC 12228 and DSM 3269 were purchased commercially. The latter originated from an infected catheter tip and produced extracellular slime. Also commercially purchased were S. aureus ATCC 29213, DSM 683 (ATCC 9144) and DSM 46320; the latter is methicillin resistant (MRSA Concentrations for quinupristin/dalfopristin (1 mg/L) and rifampicin (0.02 mg/L) were chosen arbitrarily after a major carry-over problem was observed with 2 mg/L rifampicin and a minor carry-over problem with 2 mg/L quinupristin/dalfopristin. Tests were performed in triplicate. Quantitative cultures were performed by logarithmic plating of 50 L in duplicate on Mueller-Hinton agar plates using a spiral plater (Whitley automatic spiral plater; Don Whitley Scientific Ltd, West Yorkshire, UK). Colonies were counted after incubation at 37ЊC for 48 h. At present there are no established criteria to evaluate possible synergy in the killing-curve technique using two drugs that have significant activity alone. 12 Electron microscopy. Bacteria grown overnight in MuellerHinton broth (specimens taken from single wells of microtitre plates, as described above) were centrifuged after 
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Results
Effects of antimicrobial combinations as measured by the chequerboard technique
Fosfomycin showed synergic activity against S. epidermidis (ATCC 12228 and DSM 3269), with rifampicin, linezolid, quinupristin/dalfopristin and moxifloxacin; indifference was observed with vancomycin, cefazolin and meropenem. Fosfomycin showed synergic activity against S. aureus (ATCC 29213, DSM 683, DSM 46320, GISA 323/93 and MRSA Sp3558/00) with all drugs tested except vancomycin. The combination with vancomycin showed antagonism for two organisms (DSM 683 and DSM 46320) and indifference for the remaining three of the five S. aureus strains tested. Table II summarizes these results.
The phenomenon of 'trailing' (gradual increase in turbidity under the influence of decreasing fosfomycin concentrations) was not a problem in testing fosfomycin; minor growth was simply ignored when reading MICs.
The phenomenon of 'skipped wells' was observed twice in 49 chequerboard tests: (i) when testing S. aureus ATCC 29213 with fosfomycin plus quinupristin/dalfopristin, one well containing a fosfomycin concentration of 0.1 mg/L remained blank; and (ii) when testing MRSA Sp3558/00, one well containing fosfomycin at 0.06 mg/L plus cefazolin at 2 mg/L remained blank (Figure 1) .
Anaerobic incubation increased the in vitro activity of fosfomycin. MICs of fosfomycin were one-to three-fold lower when compared with aerobic incubation.
Effects of fosfomycin given alone or in combination as measured by the killing-curve method
The effect of fosfomycin on the velocity of killing was not dependent on concentration, as shown in Figure 2 for MRSA DSM 46320. Figure 3 shows the results for fosfomycin in combination with antistaphylococcal agents. Fosfomycin in combination with vancomycin yielded killing curves identical to those observed when the drugs were used alone. Carry-over of rifampicin led us to use an unusually low rifampicin concentration (0.02 mg/L) for the killing-curve experiment. Fosfomycin plus rifampicin exerted an effect better than rifampicin alone, similar to that observed for fosfomycin alone. Fosfomycin plus linezolid exerted a bacteriostatic effect as found with linezolid alone. Fosfomycin plus quinupristin/dalfopristin exerted a bactericidal effect as found with fosfomycin alone but not the fast killing of quinupristin/dalfopristin. Fosfomycin plus moxifloxacin exerted a bactericidal effect also found with fosfomycin alone but not the fast killing of moxifloxacin. Fosfomycin plus cefazolin and fosfomycin plus meropenem exerted bactericidal effects stronger than that of fosfomycin alone.
Against the methicillin-susceptible S. aureus ATCC 29213 fosfomycin plus cefazolin and fosfomycin plus meropenem exerted bactericidal activity comparable to that of fosfomycin alone. Figure 4 shows the results obtained for S. aureus ATCC 29213. 
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Electron microscopy
Overnight cultures of all seven test strains with various concentrations of the antibiotics tested (with and without fosfomycin) were photographed by electron microscopy and studied for morphological alterations. A total of 131 specimens were processed for electron microscopy. Inhibitory concentrations of fosfomycin (and the -lactams for -lactam-susceptible strains) caused 'cauliflower-shaped' morphological alterations of the cocci, as shown in Figure  5 for GISA 323/93 after overnight incubation with fosfomycin (8 mg/L). Rifampicin, linezolid, quinupristin/ dalfopristin and moxifloxacin did not cause significant morphological changes when given alone. Combination of these drugs with fosfomycin caused morphological alterations as seen with fosfomycin alone. Figure 6 compares the profound effect of fosfomycin 2.0 mg/L plus linezolid 0.25 mg/L on GISA 323/93 with the minor effect on morphology of 1.0 mg/L linezolid alone. Figure 7 shows the profound effect of fosfomycin 0.5 mg/L plus quinupristin/dalfopristin 0.03 mg/L compared with that of 0.06 mg/L quinupristin/ dalfopristin alone using S. epidermidis DSM 3269. Overnight culture with meropenem and with the combination of fosfomycin plus linezolid yielded unique spindle-shaped structures ('naviculae'). Figure 8 shows such naviculae for S. aureus.
Discussion
Data obtained from the killing-curve method showed that fosfomycin exhibits bactericidal activity similar to that of -lactam antibiotics, where increasing the drug concentration above minimal bactericidal concentrations is not reflected in increased killing velocity. Using the chequerboard technique the majority of drugs tested showed synergic activity. Only combination with vancomycin caused antagonism for two of seven isolates (including results obtained by anaerobic incubation for five of seven strains). Hamilton-Miller 15 observed that the in vitro activity of fosfomycin against staphylococci and enterococci was significantly greater under anaerobic conditions, especially against coagulase-negative staphylococci. We confirm that anaerobic incubation generally increases the in vitro activity of fosfomycin. Whether or not this phenomenon correlates with improved in vivo efficacy, especially in inflamed areas with decreased oxygen levels, remains to be seen.
Vancomycin is usually active against S. aureus and S. epidermidis, including strains resistant to methicillin. This glycopeptide inhibits synthesis and assembly of the second stage of cell wall peptidoglycan polymers, resulting in a bactericidal effect. 16 We tested its cidal activity against a methicillin-resistant strain, DSM 46320, an isolate showing antagonism with the chequerboard technique when incubated aerobically, in a kinetic model. At present there are no established criteria for assessing synergy in killingcurve studies of two drugs that both have significant activity alone. 12 Clark et al. 17 performed a time-kill analysis of trovafloxacin with other antibiotics using trovafloxacin at sub-MIC concentrations. We performed a time-kill analysis using inhibitory concentrations of both drugs tested, considering this to be more relevant to the in vivo situation. For strain DSM 46320 the combination of vancomycin plus fosfomycin yielded killing curves similar to those observed with vancomycin alone. No evidence of antagonism was detected using this model. Rifampicin is bactericidal in vivo as well as in vitro but, because of rapid development of resistance, this antibiotic is always used in combination with another agent to prevent resistance when treating serious infections. HamiltonMiller 15 observed synergy between rifampicin and fosfomycin against MRSA and coagulase-negative staphylococci. Our chequerboard technique results confirm HamiltonMiller's observations. The killing-curve method was not able to eliminate the problem of antibiotic carry-over. The killing rate observed with rifampicin at 0.02 mg/L significantly underestimates the potential of this drug, which achieves serum concentrations of у2 mg/L after iv administration.
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To our knowledge, there are as yet no data on the in vitro activity of fosfomycin in combination with linezolid or quinupristin/dalfopristin. Linezolid is a member of a new class of antimicrobial agents, the oxazolidinones. 18 Rybak et al. 19 reported on the in vitro susceptibility of methicillinresistant staphylococci to linezolid but no data on the effect of combination with fosfomycin have yet been published. Using chequerboard titration we observed synergic activity for the combination of fosfomycin and linezolid against all strains tested. In the killing-curve method the combination exerted a bacteriostatic effect as found with linezolid alone.
Quinupristin/dalfopristin is a new drug composed of two semisynthetic streptogramin molecules. The combination of these two agents has a synergic antibacterial activity in vitro and in vivo against a wide range of Gram-positive organisms, including methicillin-resistant staphylococci, but again no data on the effect of combination with fosfomycin have yet been published. 20 Using chequerboard titration we observed synergic activity for the combination 215 of fosfomycin plus quinupristin/dalfopristin against all strains tested. In the killing-curve method the combination exerted a bactericidal effect as found with fosfomycin alone, although not the extremely fast cidal effects of quinupristin/dalfopristin.
Cefazolin and meropenem are -lactams with bactericidal activity including against producers of -lactamase, but not against methicillin-resistant strains of staphylococci. Chin & Neu 21 found that fosfomycin combined with nafcillin or with cefotaxime showed synergy or partial synergy for 90% of methicillin-resistant S. aureus strains tested. Chequerboard studies of imipenem against coagulasepositive and coagulase-negative staphylococci showed high rates of synergy with fosfomycin. 22 We observed synergic activity for the combinations of fosfomycin plus cefazolin and fosfomycin plus meropenem against most of the strains tested. The killing-curve method showed improved in vitro activity for the combination of fosfomycin plus a -lactam even against MRSA DSM 46320, although methicillin resistance prohibits the use of -lactams in vivo.
The new 8-methoxy-6-fluoroquinolone, moxifloxacin, has bactericidal activity against Gram-negative bacteria similar to that of ciprofloxacin but superior potency against Gram-positive bacteria including staphylococci. 23 Blondeau 24 reported MIC 90 s of this drug for S. epidermidis and for MRSA of 2 mg/L. Hamilton-Miller 15 observed synergy for the combination of ciprofloxacin and fosfomycin against MRSA and coagulase-negative staphylococci. Using chequerboard titration we observed synergic activity between fosfomycin and moxifloxacin against most strains tested. In the killing-curve method the combination exerted a bactericidal effect similar to that of fosfomycin alone, although not the extremely fast killing of moxifloxacin.
The effects of antibiotics on biofilm production by S. epidermidis are less clear than those using Pseudomonas aeruginosa. 25 Our scanning electron micrographs did not show production of extracellular slime by S. epidermidis DSM 3269 grown under the test conditions described. Studying antibiotic susceptibility of four slime-producing isolates of S. aureus in biofilms developed in vitro, Amorena et al. 26 found that fosfomycin, followed by rifampicin, cefazolin, vancomycin and ciprofloxacin, significantly affected biofilm cell viability.
Our electron microscopy studies revealed that fosfomycin given in combination with linezolid, quinupristin/ dalfopristin or moxifloxacin (substances not causing morphological alterations when given alone) resulted in 'cauliflower-shaped' morphology such as that caused by fosfomycin alone. This supports the view that bactericidal fosfomycin can be given in combination with these other antistaphylococcal agents.
Our in vitro results indicate considerable potential for fosfomycin in combination with other antistaphylococcal agents, including linezolid, quinupristin/dalfopristin and moxifloxacin. This indication remains to be proven by clinical studies.
